A thermophilic, aerobic, Gram-stain-negative, filamentous bacterium, strain PRI-4131 T , was isolated from an intertidal hot spring in Isafjardardjup, NW Iceland. The strain grew chemoorganotrophically on various carbohydrates. The temperature range for growth was 40-65 6C (optimum 55 6C), the pH range was pH 6.5-9.0 (optimum pH 7.0) and the NaCl range was 0-3 % (w/v) (optimum 0.5 %). Phylogenetic analysis based on 16S rRNA gene sequences revealed that strain PRI-4131 T represented a distinct lineage within the class Caldilineae of the phylum Chloroflexi. The highest levels of sequence similarity, about 91 %, were with Caldilinea aerophila STL-6-O1 T and Caldilinea tarbellica D1-25-10-4 T . Fermentative growth was not observed for strain PRI-4131 T , which, in addition to other characteristics, distinguished it from the two Caldilinea species. Owing to both phylogenetic and phenotypic differences from the described members of the class Caldilineae, we propose to accommodate strain PRI-4131 T in a novel species in a new genus, Litorilinea aerophila gen. nov., sp. nov. The type strain of Litorilinea aerophila is
Culture-independent studies of different habitats have revealed the presence of vast numbers of diverse 16S rRNA gene sequences belonging to the phylum Chloroflexi (Hugenholtz et al., 1998; Blazejak & Schippers, 2010) . Many of these sequences fall into a group designated subphylum I. This group was informally named 'Anaerolineae' by Stackebrandt in 2004 (Hugenholtz & Stackebrandt, 2004) after the description of the first cultured representatives, Anaerolinea thermophila and Caldilinea aerophila (Sekiguchi et al., 2003) . The two species are phenotypically similar and form multicellular filaments that are chemo-organotrophic and grow optimally at 55 u C. Nevertheless, phylogenetic analysis supported their division into the classes Anaerolineae and Caldilineae (Yamada et al., 2006) . The notable difference between the classes is the relationship to oxygen. The five currently described genera of Anaerolineae contain strict anaerobes (Yamada et al., 2006 (Yamada et al., , 2007 while C. aerophila is facultatively aerobic (Sekiguchi et al., 2003) . At present, Caldilinea is the only described genus of the class Caldilineae. However, a thermophilic anaerobic strain was recently described as a representative of a second species, Caldilinea tarbellica (Grégoire et al., 2011) . Here, we describe the isolation and characterization of an aerobic strain that is most closely affiliated with C. aerophila and C. tarbellica. Evidence is presented for the placement of the isolate in a novel genus within the class Caldilineae, and the name Litorilinea aerophila gen. nov., sp. nov. is proposed.
Strain PRI-4131 T was isolated during our search for bacterial strains that degrade fucose-branched chondroitin sulfate. An artificial support for colonization was prepared by enclosing sea cucumber cartilage within a woollen sac and a wire mesh. The support was placed in an intertidal hot spring on the shore of the Reykjanes peninsula in Isafjardardjup, North-West Iceland. The hot springs in the region have been described earlier (Alfredsson et al., 1988; Hobel et al., 2005) . They contain alkaline freshwater slightly mixed with seawater (about 0.6 % NaCl) and are subject to fluctuations in temperature, salinity and other environmental factors due to tidal changes. The support was secured among gravel and stones on the shore where hot fluid emerged at about 72 u C and it was left in situ for 5 weeks.
Upon return to the laboratory, the woollen sac was shaken in 0.9 % (w/v) NaCl solution for 4 h. The resulting IP: 54.70.40.11 On: Thu, 21 Mar 2019 22:57:43 suspension was subsequently used to inoculate liquid medium 166 (Hjorleifsdottir et al., 2001) containing 1 % (w/v) NaCl. The culture was incubated with shaking at 50 u C for 4 weeks. Microscopic examination revealed the presence of long and slender filaments in the culture. A loopful thereof was directly streaked on agar containing the same medium. A single colony was restreaked several times and its purity was confirmed by microscopic examination. The final pure strain was designated PRI-4131 T . Partial 16S rRNA gene sequence analysis suggested that strain PRI-4131 T was most closely related to C. aerophila STL-6-O1 T (Sekiguchi et al., 2003) and C. tarbellica D1-25-10-4 T (Grégoire et al., 2011) . C. aerophila DSM 14535 T was obtained from the Deutsche Sammlung von Microorganismen and Zellkulturen (DSMZ) to serve as a reference strain for the phenotypic characterization of strain PRI-4131 T under aerobic conditions. The sampling efforts on the Reykjanes shore resulted in the isolation of around 100 strains from several enrichments. Partial 16S rRNA gene sequencing revealed that strain PRI-4131 T was the only representative of the phylum Chloroflexi.
Characteristics, such as morphology, Gram-staining and catalase and cytochrome oxidase activities were examined using standard methods (Gerhardt et al., 1994) . For scanning electron microscopy (Leo Supra 25; Zeiss), cells were harvested at the exponential phase, fixed overnight in 2 % glutaraldehyde, dehydrated through an ethanol series and critical point dried with liquid CO 2 (Kurtzman et al., 1974) before gold coating.
Strain PRI-4131 T was grown at 50-55 u C in medium 166 with 1 % (w/v) NaCl except when compared to C. aerophila DSM 14535 T , which did not grow in this medium. Colony morphology of the two strains was compared on R2A agar (Becton Dickinson). All growth experiments were performed at least in duplicate, using 1 % inocula and measuring optical density at 600 nm. The effect of 0-5 % (w/v) NaCl on growth was examined at 55 u C in medium 166. Growth was examined at 25-70 u C and at pH 5.5-9.5 in medium PE (Hanada et al., 1995) , which was reported for cultivation of C. aerophila (Sekiguchi et al., 2003) . Unless otherwise described, substrate utilization was examined according to Hanada et al. (2002) except that test tubes were used and the incobation temperature was 55 u C. For C. aerophila DSM 14535 T , 0.01 % (w/v) yeast extract was added to the medium. Anaerobic conditions were achieved as described by Grégoire et al. (2011) . Anaerobic cultivation was examined in medium PE as described for C. aerophila (Sekiguchi et al., 2003) and in the medium reported for C. tarbellica (Grégoire et al., 2011), each degassed under N 2 or N 2 /CO 2 (80 : 20, v/v). Growth of C. aerophila DSM 14535 T was used as a positive control in anaerobic conditions. Determination of cellular fatty acids and DNA base content was performed by the DSMZ Identification Service. For comparison of fatty acids with those detected in aerobically grown C. aerophila DSM 14535 T , strain PRI-4131 T was cultivated in medium PE at pH 7.5 and 55 u C (Sekiguchi et al., 2003) . Cells were harvested at late exponential phase (after 4 days). Fatty acids were prepared as described (Kuykendall et al., 1988) and analysed by GC (model 6890N; Agilent) and version 6.1 of the MIDI Sherlock MIS software using the TSB40 method. DNA was purified according to Cashion et al. (1977) and analysed for G+C content by HPLC according to Tamaoka & Komagata (1984) and Mesbah et al. (1989) . Respiratory quinones and polar lipids were analysed by the DSMZ Identification Service.
DNA was isolated from strain PRI-4131 T using a NucleoSpin Tissue kit (Macherey Nagel). The 16S rRNA gene was amplified using primers F9 and R1544 and a partial sequence was obtained using primer R805, as previously described (Bjornsdottir et al., 2009) . The DNA was also subjected to shotgun sequencing on a FLX Genome Sequencer by using the Titanium reagents as described by the manufacturer (454 Life Sciences, Roche). For pyrosequencing, beads containing emulsion amplified DNA were loaded onto one of four regions of a 756 75 mm Titanium PicotitrePlate. The obtained sequence reads comprised a total of 60 Mb that were assembled using the GS De novo Assembler (Roche) and were estimated to cover the genome of strain PRI-4131 T about sevenfold. The assembly resulted in 565 contigs that were subsequently annotated using RAST (Aziz et al., 2008) . A sequence with similarity to bacterial 16S rRNA gene sequences was identified in a single contig of 6041 bp; part of the sequence was identical to the partial 16S rRNA gene sequence obtained during isolation of strain PRI-4131 T . The gene sequence was subsequently aligned with those of other members of the phylum Chloroflexi using CLUSTAL X (Thompson et al., 1997) . Pairwise evolutionary distances based on 1472 unambiguous nucleotides were compared using the method of Jukes & Cantor (1969) . A dendrogram was constructed using the neighbour-joining method of Saitou & Nei (1987) . Confidence in the topology was determined by bootstrap analysis (Felsenstein, 1985) with 1000 replications. The tree topology was also evaluated by maximum-parsimony and maximum-likelihood analyses using PHYLIP 3.69 (Felsenstein, 2009) .
Strain PRI-4131 T formed pale yellow, circular, flat and opaque colonies of 1.5 mm in diameter after 4 days of incubation on R2A agar at 55 u C. Gram-staining was negative and catalase and cytochrome oxidase were positive. Motility was not observed in semisolid medium 166 containing 1 % NaCl and 0.4 % agar. Microscopic examinations did not detect endospores at any growth phase. Cells formed long filaments (.100 mm in length) after growth for 3-4 days in medium 166 with 1 % NaCl (Fig. S1 , available in IJSEM Online). Scanning electron microscopic analysis of cells grown in the same medium overnight revealed shorter filaments and the length of individual cells within filaments was estimated to be about 2-8 mm (Fig. S2) Aerobic growth was observed at 40-65 u C (optimum 55 u C). The pH range for growth was pH 6.5-9.0 (optimum pH 7.0). Growth was observed with 0-3 % (w/ v) NaCl (optimum 0.5 %). The doubling time under optimum growth conditions in medium 166 with 0.5 % NaCl was 5 h. In contrast to C. aerophila, strain PRI-4131 T did not require yeast extract for growth. The following substrates were utilized by strain PRI-4131 T at 0.25 % (w/ v): glucose, sucrose, fructose, galactose, maltose, mannose, raffinose, arabinose, fucose, ribose, xylose, mannitol, starch, peptone, tryptone and yeast extract. Fumarate, acetate, citrate and malate supported weak growth. The following substrates did not support growth at 0.25 % (w/v): lactate, succinate, pyruvate, glutamine, serine, alanine, Casamino acids, glycerol, ethanol, alginate and xylan. Growth was not observed under anaerobic conditions. The major cellular fatty acids of strain PRI-4131 T were C 15 : 0 3-OH and 10-methyl C 16 : 0 , which each accounted for 16.6 % of the total. Other cellular fatty acids (.1 %) were iso-C 18 : 1 H (10.2 %), C 16 : 0 (8.8 %), iso-C 17 : 0 (8.4 %), 10-methyl-C 17 : 0 (8.3 %), C 17 : 1 v6c (6.0 %), C 18 : 0 (4.5 %), 10-methyl-C 18 : 0 (4,4 %), iso-C 16 : 1 H (4.1 %), C 19 : 0 (3.2 %), C 15 : 0 (2.8 %), iso-C 16 : 0 (1.7 %) and iso-C 15 : 0 (1.7 %). Analysis of polar lipids revealed the presence of five phospholipids, an aminophospholipid, four glycolipids and a phosphoglycolipid. The major respiratory quinone of strain PRI-4131 T was menaquinone 10 (92.5 %), and menaquinone 9 was detected as a minor component (7.5 %). The DNA G+C content was determined as 64.7 mol%, which was in accordance with calculation from the genome sequencing.
Phylogenetic analysis of 16S rRNA gene sequences revealed that strain PRI-4131 T was affiliated with the class Caldilineae in the phylum Chloroflexi (Fig. 1) . The isolate clustered with the two representatives of the genus Caldilinea but represented a distinct branch that was supported by a bootstrap confidence level of 100 %. This topology was also found in trees generated with the maximum-parsimony and maximum-likelihood algorithms (data not shown). Comparison based on 1472 aligned nucleotides estimated 91.4 and 91.3 % 16S rRNA gene sequence similarity between strain PRI-4131 T and C. aerophila STL-6-O1 T and C. tarbellica D1-25-10-4 T , respectively. These values support the creation of a new taxon for strain PRI-4131 T at least to the genus level.
The isolate was Gram-stain-negative and chemo-organotrophic and formed multicellular filaments like its relatives of classes Caldilineae and Anaerolineae. It could, however,
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Ktedonobacter racemifer SOSP1-21 T (AM180156) be differentiated from all members of the class Anaerolineae and from C. tarbellica on the basis of aerobic respiration. In spite of numerous attempts, anaerobic growth of strain PRI-4131 T was not observed. It did not grow under the conditions described for fermentative growth of C. tarbellica (Grégoire et al., 2011) or C. aerophila (Sekiguchi et al., 2003) . Fermentative growth of C. aerophila DSM 14535 T was observed in parallel experiments in this study. Further characteristics that differentiated strain PRI-4131 T from C. aerophila and C. tarbellica are presented in Table 1 . These comprise both phenotypic and chemotaxonomic characters, including growth in the absence of yeast extract, differences in sugar utilization, fatty acid composition and G+C content of genomic DNA. Strain PRI-4131 T was isolated from a high-temperature environment, similarly to C. aerophila and C. tarbellica (Sekiguchi et al., 2003; Grégoire et al., 2011) . Although isolated from a marine environment, strain PRI-4131 T did not differ significantly from members of the genus Caldilinea in its NaCl concentration range for growth. The optimum corresponded to the NaCl concentration of its habitat, which contains mainly freshwater although it is located in the intertidal zone of the seashore.
From the above results, we propose the assignment of strain PRI-4131 T to a novel genus and species, Litorilinea aerophila gen. nov., sp. nov.
Description of Litorilinea gen. nov.
Litorilinea (Li.to.ri.li9ne.a. L. n. litus -oris seashore; L. fem. n. linea line; N.L. fem. n. Litorilinea a line-shaped organism of the seashore).
Cells are Gram-stain-negative and form filaments. Growth is aerobic and chemo-organotrophic. Thermophilic. Oxidase-and catalase-positive. The major respiratory quinone is menaquinone 10. Based on 16S rRNA gene sequence analysis, the genus belongs to the class Caldilineae of the phylum Chloroflexi. The type species is Litorilinea aerophila.
Description of Litorilinea aerophila sp. nov.
Litorilinea aerophila (ae.ro9phi.la. Gr. masc. n. aer air; Gr. adj. philos loving; N.L. fem. adj. aerophila air loving).
Has the following characteristics in addition to those given in the genus description. Cells form filaments that are longer than 100 mm (0.45-0.55 mm wide). Pale yellow, circular, opaque and flat colonies form on R2A agar after incubation for 4 days. Grows at 40-65 u C (optimum 55 u C). Grows at pH 6.5-9.0 (optimum pH 7.0). Grows with 0-3 % (w/v) NaCl (optimum 0.5 %). Grows on glucose, sucrose, fructose, galactose, maltose, mannose, raffinose, arabinose, fucose, ribose, xylose, mannitol, C 16 : 0 ,* C 15 : 0 ,* iso-C 18 : 1 H, iso-C 17 : 0 , C 17 : 0 ,* C 17 : 1 v6c C 18 : 0 , C 16 : 0 , C 17 : 0 , iso-C 17 : 0 C 17 : 0 , C 18 : 0 , C 16 : 0 , iso- starch, peptone, tryptone and yeast extract, but does not grow on lactate, succinate, pyruvate, glutamine, serine, alanine, Casamino acids, glycerol, ethanol, alginate or xylan. Does not require yeast extract for growth. Contains the following fatty acids (.5 %): C 15 : 0 3-OH, 10-methyl C 16 : 0 , iso-C 18 : 1 H, C 16 : 0 , iso-C 17 : 0 , 10-methyl-C 17 : 0 and C 17 : 1 v6c.
The type strain is PRI-4131 T (5DSM 25763 T 5ATCC BAA-2444 T ), which was isolated from an intertidal hot spring on the shore of the Reykjanes peninsula in Isafjadardjup, NW Iceland. The DNA G+C content of the type strain is 64.7 mol%.
